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Abstract 
A number of sophisticated techniques, such as NMR imaging and γ-ray attenuation, have now 
been used to study moisture transport in porous construction materials. This paper presents 
initial developments in the application of discretized, electrical conductivity measurements as 
a relatively simple technique to monitor water movement within cover-zone concrete. Using 
a 3-phase model and the Archie relationship for porous rock formations, conductivity 
measurements are used to evaluate moisture-content profiles during water ingress and, 
through the use of Boltzmann's transformation, it is shown that these profiles collapse onto a 
master-curve. Having obtained the master-curve during absorption, the capillary transport 
coefficient (Dθ) can then be obtained; however, the current work focuses on presenting the 
methodology as an alternative testing technique.  
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1. Introduction 
The penetration of water into porous construction materials, as well deleterious ions 
dissolved in it (e.g. chlorides, sulphates), is of considerable importance as virtually all 
deterioration processes are as a direct result of water ingress. It is thus highly desirable to be 
able to predict, for a given set of conditions (e.g. environmental exposure, concrete mix), the 
depth and rate of water penetration and solute concentration profile as they develop over time 
as this, ultimately, allows estimation of the rate of degradation of the structure and residual 
service life.  
The capillary transport (or moisture diffusion) coefficient (Dθ) is a fundamental moisture 
transfer parameter and its determination is essential in the simulation of moisture movement. 
Dθ can be evaluated from the transient moisture profiles obtained during water absorption. 
Monitoring the time-variant water-content profiles has been undertaken on a range of porous 
materials such as fired-clay brick, limestone, plaster, cement pastes, mortars and concretes 
using nuclear magnetic resonance (NMR) imaging [see, for example, 1-7], other techniques 
include γ-ray attenuation [8], X-ray radiography [9, 10] and neutron radiography and 
tomography [11]. When investigating cementitious materials using NMR, complications can 
occur if the binder contains paramagnetic oxides (e.g. Fe, Mn) hence much work tends to be 
undertaken using white cement. A more simple gravimetric technique, using a standard 
water-absorption test, has also been developed to obtain moisture profiles in a clayey aerated 
concrete [12]; however, this method involves cutting specimens so is destructive in nature. 
In this paper we present initial studies on the application of discretized, in-situ, electrical 
conductivity measurements within the surface region of concrete samples to evaluate the 
transient moisture profiles during water absorption. 
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2. Background Theory and Current Developments 
The flow of water into a porous surface – concrete in this instance – with a uniform initial 
water-content is described by Fick's 2nd Law for 1-D, non-linear diffusion,  
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where, in this instance, Θ is the reduced or normalised water content, DΘ is the capillary 
transport coefficient (diffusivity), t is time and x is the spatial distance from the inflow 
surface where water is applied. The normalised water-content, Θt, at time, t, is further defined 
as,  
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where θi is the initial water-content of the material, θs is the saturated water-content and θt is 
the water-content at time, t, after the start of absorption. The water-content is expressed on a 
volumetric basis. Equation (1) can be transformed into an ordinary differential equation by 
introducing the Boltzmann transformation λ = xt-1/2 with the boundary conditions λ = ∞ (Θ = 
0 at time, t = 0)), and λ = 0 (Θ = 1 as t → ∞)). Hence, during water absorption, all moisture 
profiles are related by a similar t1/2 scaling and by plotting the transient moisture profiles, 
Θ(x, t), against λ produces a master profile which is time invariant. Having obtained the 
master curve from the experimental data, the capillary transport coefficient, DΘ, can then be 
calculated from a derivative and an area of the Boltzmann's curve as follows,  
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which is shown schematically on Fig. 1 where Ω(Θi −Θt ) is the area bounded by the curve Θ(λ) 
between  Θi and Θt  and SΘt is the slope of the Θ(λ) curve at a normalized water-content of 
Θt.  
In the current study, we have replaced the volumetric water content in equation (2) by the 
electrical conductivity of the concrete obtained from in-situ measurements. With reference to 
Fig. 2, unsaturated concrete has been simplified as a three phase system comprising solids 
(aggregate, unhydrated binder and products of hydration), capillary pore-water and air-filled 
capillary pores. The porosity of the concrete is denoted, φ, and the degree of capillary pore 
saturation is Sr. If the solids (and air) can be assumed to be non-conductive, then the 
conductivity of the concrete will be directly related to the volume fraction of pore-water and 
its conductivity, denoted σp. If a unit cube of material (unit length into the plane of the page) 
is placed between a pair of electrodes, the conductivity of the concrete, σc, will be,  
 
ApR
L
c =σ  (4) 
where, for a prismatic sample, L is the distance between the electrodes (= 1.0), A is the cross-
sectional area of the electrodes (= 1.0×1.0) and Rp is the resistance of the pore-fluid. The 
resistance, Rp, of the pore fluid is also given by, 
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Where L = 1.0 as above, and A' is the cross-sectional area available for conduction through 
the pore-fluid. From Fig. 1, A' = Srφ × 1.0 as unit cube is assumed, hence, as a first 
approximation, the conductivity of the concrete could be written as,  
 φσσ rSpc =  (6) 
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Srφ is the volumetric water-content, θ, defined above; however, this assumes a straight-tube 
capillary model and does not take account of the tortuosity, connectedness and constricted 
nature of the capillary pore network. Adapting Archie's law [13] which was developed for 
porous rock formations, the cross-sectional area available for conduction will be reduced 
from Srφ to (Srφ)m where the exponent m is in the range 1.5-3.0 for rocks. With regards to 
cementitious materials, values of m in the range ∼3.0-5.0 have been reported [14, 15], hence,  
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If it is tacitly assumed that the pore-water conductivity remains constant, then equation (2) 
can be written in terms of conductivity,  
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Where σc,i is the conductivity of the concrete prior to the start of the absorption test, σc,s is the 
conductivity of the saturated concrete and σc,t is the conductivity of the concrete at time, t, 
after the start of the absorption test. A value of m = 4.0 [15] has been adopted in the current 
work 
 
3. Experimental Programme 
In order to monitor both the temporal and spatial changes of moisture movement in concrete 
a test-cell was designed such that electrical measurements (resistance in this instance) could 
be made at discrete depths from the exposed surface of the concrete samples. 
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3.1 Materials 
In the work presented, the binders comprised ordinary Portland cement clinker, CEM I 52.5N 
to EN197-1 [16] and CEM I cement blended with a low-lime fly-ash to EN450-1 [17]. The 
concrete mixes used in the current study are presented in Table 1, together with their 
respective 28-day (f28) and 180-day (f180) compressive strengths after continuous submerged 
curing at 21°C±1°C. A crushed rock (granite) coarse aggregate and matching crushed rock 
fines were used throughout (100% passing the 5mm sieve, 8% passing the 150µm sieve). The 
aggregate was conditioned to a saturated surface dry state. The aggregate content was 
adjusted to ensure that the mass of binder remained constant for each water-binder (w/b) 
ratio. The following were cast for each mix: six samples placed in cylindrical test-cells 
(detailed below) and three, 100mm cubes for the compressive strength tests. 
3.2 Test Cells  
Concrete samples were cast in 182mm (outside diameter) and 200mm (high) PVC moulds. 
One end of the cylinder was attached to 12mm plywood base-plate and the concrete surface 
cast against the plywood was used as the working surface; the plywood had been given a coat 
of proprietary release-agent prior to casting. Pairs of stainless steel rod-electrodes, were 
inserted through the side of the mould shown schematically in Fig. 3. The rod-electrodes 
were 2.4mm in diameter and sleeved to expose a 20mm tip. Within each electrode pair, 
electrodes were positioned at 12mm centre to centre (c/c) and protruded 50mm into the 
sample. With reference to Fig. 3, five electrode-pairs were positioned at 10mm intervals at 
depths from 10 to 50mm from the working surface with a 30° offset; a pair of electrodes was 
also positioned at 100mm and at 175mm from the working surface. The electrode-pairs 
within the test-cell were calibrated by filling the cell with solutions of known conductivity 
thereby allowing the concrete resistance, Rc (ohms), measured across the electrodes to be 
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converted to conductivity, σc (S/cm), by, 
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where k is the (geometrical) calibration constant for the electrode-pair obtained from the 
calibration procedure. However, as the test-cell had five (geometrically similar) electrode 
pairs, an average value of k was evaluated to give an overall test-cell constant for the 
electrodes; the value of k was obtained as 0.306 cm-1 (±5%). It should be noted that a total 5 
calibrating solutions were used and covered the anticipated range of concrete conductivity 
(10-3–10-5 S/cm).  Two thermistors (for temperature measurements) were cast into the sample 
and were attached to electrodes positioned at 10mm and 100mm from the exposed surface. 
3.3 Ambient Temperature Regime  
After casting and compacting, the top (cast) surface of each cell was tightly covered with a 
plastic sheet so as to prevent evaporation. At 24-hours, the plywood base was removed and 
the cylinders and the cast surface were sealed with two coats of a high-build epoxy paint; 
also, while the final coat of epoxy was still tacky, it was covered with a layer of cling-film to 
add an additional vapour barrier and ensure no moisture movement through this surface. 
After casting, the samples were placed in an environmental cabinet which was programmed 
to give a 24-hour temperature cycle of: 10-hours at 40±1°C, 3-hours cooling to 21°C 
followed by 11-hours at 21±1°C. This was chosen to represent the diurnal temperature 
fluctuations which can be experienced in hot climates [18, 19]. A relative humidity of 60% 
was maintained over a saturated sodium bromide solution with the air speed over the samples 
maintained at approximately 4m/s. The samples remained in the PVC moulds throughout to 
ensure uniaxial moisture movement and subjected to a 24-hour water absorption test ∼75 
days after casting. During the absorption test, the samples were maintained at laboratory 
temperature (21°C). 
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3.4 Measurements and Data Acquisition 
The electrical resistance of the concrete (Rc in ohms) between each pair of electrodes was 
obtained employing a two-point technique using signal amplitude of 350mV at a frequency of 
1kHz. This frequency was optimised from a-priori experiments using impedance 
spectroscopy to ensure electrode polarization effects were reduced to a minimum [20]. The 
cabling from the cells was ducted out through a small porthole in the side of the chamber and 
connected to a resistance meter and multiplexing unit to record the electrical resistance across 
the electrode-pairs and thermistors. A reading cycle, comprising seven electrode-pair 
measurements and three thermistor measurements (two embedded within sample and one 
placed in the environmental cabinet), was initiated every 2 minutes over the 24-hour water 
absorption cycle.  
 
4. Results and Discussion 
For illustrative purposes, Figs. 4(a) and (b) present the change in the conductivity of the 
concrete during water absorption for PC and FA concrete mixes. Note that for reasons of 
clarity only every 20th data point is highlighted on each curve. As conductivity values at the 
different electrode positions can change by more than an order of magnitude during water 
absorption, this Figure presents the relative change in conductivity, σc,i/σc,t , where σc,i and 
σc,t are, respectively, the measured conductivity just prior to the start of the absorption test 
and at time, t, after the start of the test. This is the same nomenclature used in Section 2.0 
above. As the water-front moves through the surface zone σc,t will increase and the response 
at a particular electrode-pair is characterised by a well-defined, decreasing portion. The 
decreasing portion of the curve indicates the arrival of the water-front into the electrical field 
between that particular electrode-pair; once the water-front has moved beyond the electrical 
field, a steady-state ratio is achieved and denoted σc,i/σc,s, where σc,s is denoted the steady-
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state conductivity. It could be assumed that at steady-state, the concrete is in a fully saturated 
condition in the vicinity of the electrode-pair (see Section 2.0 above). It is evident in these 
Figures that within the 24-hour absorption test, water had advanced through the surface 0-
40mm in ∼11 hours for the PC concrete, and 0-50mm in 6 hours for the FA concrete.  
 
Where a steady-state σc,i/σc,s value has been achieved then Θ(t) versus depth (x) profiles can 
be evaluated at discrete points in time after the start of the absorption test. From equation (8), 
Θ(t) was estimated using the conductivity values measured at each electrode depth (x): from 
Fig. 4, x = 10, 20, 30 and 40mm for the PC concrete and x = 10, 20, 30, 40 and 50mm for the 
FA concrete. The resulting normalised moisture profiles at selected times are presented in 
Figs. 5(a) and (b). By applying the Boltzmann transformation, λ = xt-1/2, to the moisture 
profiles in Fig 5, the curves showing Θ(t) – λ dependency for the PC and FA concretes are 
presented in Figs. 6(a) and (b), respectively. The measurements on each Figure can be 
combined into a single average master curve for the concrete mix. The master curve can be 
best represented by a sigmoidal decay curve as follows,  
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where the fitting parameters a and b for each concrete mix are presented on the respective 
Figure. Parameter a controls the gradient of the descending portion of the response – as the 
value of a increases the slope gets more precipitous; b represents the value of λ at which 
|dΘt/dλ| maximises on the decreasing portion of the curve. Equation (10) can be used to 
evaluate dΘt/dλ in equation (3); furthermore, λ can also be derived from equation (10),  
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which can then be used to evaluate the integral in equation (3) i.e. ∫  𝜆𝜆Θ𝑡𝑡Θ𝑖𝑖 𝑑𝑑Θ . 
 
5. Concluding Comments 
The central aim of the work has been to present initial studies utilizing discretized, in-situ 
electrical conductivity measurements to track the advance of a water-front through the 
surface zone of concrete and evaluate transient moisture profiles within this region. More 
specifically, using a simplified electrical model based on the Archie equation, the volumetric 
water-content of the concrete was approximated in terms of electrical conductivity. It was 
shown that when these measurements are used in conjunction with the Boltzmann 
transformation, they can be used to evaluate the master curve for a particular concrete mix. 
Ultimately, this can provide information on moisture diffusivity which can be used in the 
simulation of moisture transport processes. In comparison to cost and safety issues associated 
with other, more sophisticated techniques for evaluating moisture movement, the method 
represents a much easier approach. Although resolution at this stage may not be as good as, 
for example, NMR, this can be increased in the proposed method simply by increasing the 
number of electrode-pairs and the distance between the pairs. 
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Captions for Figures 
 
Fig. 1 Schematic diagram showing the normalised water-content as a function of the 
Boltzmann transform. 
 
Fig. 2 Concrete considered as a simplified three-phase system comprising air, pore-fluid 
and solids. In this Figure, Sr is the degree of pore saturation and φ is the total 
porosity. 
 
Fig. 3 Test cell showing positioning of electrodes and thermistors (a) sectional view, 
and (b) plan view. 
 
Fig. 4 Change in conductivity ratio, σc,i/σc,t , during the 24-hour absorption cycle for (a) 
PC concrete and (b) FA concrete. 
 
Fig. 5 Water-content profiles during absorption for (a) PC concrete, and (b) FA concrete 
(depth x is measured from the exposed surface). 
 
Fig. 6 Normalised water-content within a local volume located at various depths from 
the exposed concrete surface as a function of the Boltzmann transform for (a) PC 
concrete, and (b) FA concrete. 
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Table 1  Summary of concrete mixes (w/b = water-binder ratio). 
 
Mix 
Designation 
w/b CEM I 
kg/m3 
FA 
kg/m3 
20mm 
kg/m3 
10mm 
kg/m3 
Fine 
(<5mm) 
kg/m3 
f28 
MPa 
f180 
MPa 
PC 0.60 290 - 687 458 765 43.4 54.7 
FA 0.60 188 102 674 450 748 25.6 40.8 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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